Most commonly reported non-commercial protein isolation methods require the use of detergents and/or chaotropes for better yield, and they all need additional purifi cation or clean-up steps for subsequent mass spectrometry analysis. Moreover, there is no simple procedure available for obtaining both soluble and membrane proteins from the same sample. Here we describe a simple and detergent-free chloroform-assisted protein isolation (ChlAPI) method for mammalian cells and tissues, and demonstrated its suitability to mass spectrometry based proteome analysis. In this single-step method, cultured cells or grounded tissue were mixed in 10% chloroform in ammonium bicarbonate buffer to separate whole cell proteome into biphasic layers. Total number of aqueous phase proteins, as assessed by 2DE, was comparable to the proteins isolated with commonly used detergent containing buffer. Shotgun proteomics analysis of the aqueous and organic phase proteome fractions of MCF7 cells by LC-MS/MS resulted in identifi cation of a total of 752 and 593 proteins, respectively from IPI human protein database. Among the total of 1134 distinct and nonredundant proteins, 29.5% were predicted to be membrane localized; 78% of them were identifi ed from organic phase fraction. Application of this new procedure to estrogen-treated MCF cells lead to the identifi cation of previously known as well as unknown estrogen-responsive gene products. These fi ndings suggest that the simple and inexpensive ChlAPI method described here is suitable for protein isolation from mammalian samples, and is readily compatible with 2DE and LC-MS/MS analyses.
Introduction
Several proteomic strategies have been developed to identify constituent proteins from various organisms and cell types. These approaches rely on different separation methods coupled to mass spectrometric techniques such as matrix assisted laser-desorption/ ionization mass spectrometry (MALDI-MS) and electrospray ionization mass spectrometry (ESI-MS). Global bottom-up proteomic profiling approaches, such as the multidimensional protein identification technology (MudPIT) ), isotope coded affinity tagging (Smolka et al., 2001) , and isobaric tag for relative and absolute quantitation (iTRAQ) (Ross et al., 2004 ) mass spectrometry are now the widely used procedures that can potentially identify and quantify both high and low abundant proteins in complex biological mixtures. Recently, the intact protein based top-down proteomics is also gaining momentum for high throughput on-line analysis of complex samples (Parks et al., 2007) . However, one of the key factors to the success of these mass spectrometry based analyses is the availability of efficient as well as simple sample preparation procedures that minimize ion suppression by impurities.
Detergents and chaotropes are commonly used in protein isolation protocols as solubilizing and stabilizing agents. Non-ionic and ionic detergents such as NP-40, Triton X100, and SDS are compatible with conventional biochemical methods, but they interfere with both chromatographic separation and mass spectrometric ionization (Loo et al., 1994) resulting in suppression and obscuring of peptide signals as well as in the formation of adducts. Efforts to remove these surfactants require multiple purification steps which lead to significant sample losses (Barnidge et al., 1999; Blonder et al., 2002) .
Organic solvents such as methanol and chloroform have been used in the isolation of proteins from cells or tissues of diverse species from virus to human (Abramsky and London, 1975; Fillingame, 1976; Tsai et al., 1985) . These studies originally focused on isolating selected lipoproteins, hydrophobic proteins, or removing lipid contaminants from protein preparations. Use of these solvents have been extended to proteomic studies of hydrophobic and membrane proteins. For example, membrane proteins from E. coli were isolated using a chloroform/methanol mixture, followed by solubilizing in urea and detergents, and subjected to 2-dimensional electrophoresis (Molloy et al., 1999) . Similarly, detergent-solubilized bacteriorhodopsin was extracted into chloroform/methanol and analyzed by LC-MS (Barnidge et al., 1999 ). Ferro and colleagues (Ferro et al., 2000) used chloroform/methanol mixture to selectively isolate membrane proteins from chloroplasts, while Goshe and co-workers applied methanol/ammonium bicarbonate to solubilize bacterial membrane proteins prior to MS analysis (Goshe et al., 2003) . In another example, over 110 mitochondrial membranes proteins were identified through chloroform/methanol extraction, and alkaline/saline treatments followed by LC-MS/MS (Brugiere et al., 2004) . A multi-step, chloroform and methanol/water protocol was used for delipidation of proteins in order to enrich the identification of membrane proteins by mass spectrometry (Mirza et al., 2007) . Zhang et al have recently reported the isolation of membrane proteins from red blood cells by the use of methanol and TFE for shotgun analysis (Zhang et al., 2007b) . Thus, these alternate solubilization techniques have been used either for solubilize proteins or to enrich membrane proteins.
Here we describe the use of chloroform to disrupt mammalian cells and create an organic/aqueous phase partitioning, leading to the isolation of both aqueous soluble and hydrophobic proteins. We applied this single-step chloroform-assisted proteome isolation (ChlAPI) method to isolate proteomes of human breast cancer cells and mouse liver tissue. Two dimensional gel electrophoresis (2DE) was used to assess the efficiency of protein extraction in comparison with detergent aided protein extraction, and protein isolation by French Pressure Cell Press. LC-MS/MS analysis of breast cancer (MCF-7) cell proteome isolated with and without estrogen (E2) treatment revealed known as well as previously unknown estrogen-regulated proteins.
Materials and Methods

Chemicals and column materials
Strong cation exchange (SCX) column (ThermoHypersil-Keystone, Biobasic; dimension: 100 x 0.32 mm; particle size: 5 ) was purchased from Thermo Fisher Scientific (San Jose, CA, USA) and the C18 particles (particle size: 5 ) were obtained from Michrom Bioresources, Inc. (Auburn, CA, USA). Fused silica nanospray emitter tips (Picofrit: 75 m i.d.; 360 m o.d.) were purchased from New Objective Inc. (Woburn, MA, USA). Sequencing grade trypsin was from Promega (Madison, WI, USA). Trifluoroacetic acid and formic acid were purchased from sigmaAldrich (St. Louis, MO, USA). HPLC grade acetonitrile was purchased from Burdick and Jackson (Muskegon, MI, USA), and high purity water was from J. T. Baker (Mallinckrodt Baker, Inc., Phillipsburg, NJ, USA).
Cell culture and harvest
Human breast cancer cell line MCF-7 (ATCC No. HTB-22) was maintained in DMEM/F12 medium (Invitrogen, Carlsbad, CA, USA) containing 10% standard fetal bovine serum (Hyclone, Logan, UT, USA) at 37°C with 5% CO 2 . At 80% confluence, the above medium was replaced with phenol red free DMEM/F12 medium containing charcoal treated fetal calf serum (Hyclone) after washing the cells with sterile PBS. After 40 hours, the cells were treated with 100 nM of 17-estradiol (Sigma-Aldrich) in DMSO for 45 minutes. Control cells were treated only with DMSO. Cells were washed with PBS and harvested after 5 min incubation at room temperature with 0.025% trypsin, 0.5% ETDA. The cells were centrifuged at 2400 rpm at 4°C, and the cell pellet was washed with PBS before protein isolation.
Protein isolation
Unless otherwise stated, the protein isolation was performed either on ice or at 4°C. Cells obtained from five 150 x 25 mm cell culture plates (~1 X 10 8 cells) were resuspended in 6 ml of ammonium bicarbonate sample buffer (50 mM ammonium bicarbonate, 10 mM ammonium chloride, 2 mM PMSF, pH 8.0) in a 15 ml polypropylene tube. Chloroform was added to achieve 10% (v/v) final concentration of the cell suspension and incubated in a rotary shaker for 10 minutes. Subsequent centrifugation at 5,000 rpm for 15 minutes resulted in biphasic separation into a top aqueous and bottom organic layers, and the two fractions were collected separately. In order to obtain a clear phase separation, one ml of chloroform was added to the sample before centrifugation. The aqueous fraction was further centrifuged at 10,000 rpm for 10 minutes to remove debris, and PMSF was added freshly. Chloroform was evaporated completely from the organic fraction using a speedvac system (SAVANT instruments, Inc., Holbrook, NY, USA), and the sample was subjected to digestion. Mouse liver tissue of about 1g wet weight was ground in liquid nitrogen using Pestle and Mortar, and sample buffer was added to obtain a cell suspension. Proteins were extracted using 10% chloroform as described above.
Cells dissolved in ammonium bicarbonate sample buffer was poured into the sample holder of FRENCH pressure cell press (Thermo Spectronic ITS 40K; Thermo IEC, MA, USA) and were broken by applying a pressure gauge level of 1000 psi as per the manufacturer's instructions. The lysate was centrifuged, and soluble proteins were collected for 2DE. Detergent aided lysis was carried out by resuspending the cells in RIPA buffer (50mM Tris-HCl buffer (pH 8.0) containing 150mM NaCl, 10 mM EDTA, 0.2% Triton X100, 0.5% NP40 and 2mM PMSF), and subsequent sonication of the crude lysate by using an ultrasonic processor (Cole-Parmer Instrument Company, Illinois, USA) with 20% amplitude, 45 seconds pulse and cooling on ice for 60 seconds. Lysate was centrifuged at 10,000 rpm for 10 minutes and the aqueous phase proteins were obtained for 2DE. Protein estimation of various samples were done using Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA).
Two-dimensional electrophoresis and protein spot analysis
The quality of the proteome isolation with the above three methods were assessed by 2DE, and three replicates were performed for each method. For 2DE proteome separation, first dimension isoelectric focusing (IEF) was done as described earlier (Gorg et al., 2000) . Briefly, 18 cm Immobiline™ Dry strips (Amersham Biosciences Corporation, Piscataway, NJ, USA) with nonlinear pH gradients from 3-10 were used. One hundred microgram of protein was mixed in sample buffer (6M urea, 2M thiourea, 4% (w/v) CHAPS, 10mM DTT, trace amount of Bromophenol blue), and 7.5 l of IPG Buffer (pH: 3-10), and the total volume was made up to 350 l. Strips were loaded onto Ettan™ IPGphor™ horizontal electrophoresis system (Amersham Biosciences Corporation) and rehydrated at 20°C for 10 hrs. The strips were focused for overnight with voltage gradients starting from 10 V to 8,000 V in stepwise and until reaching 50,000 V hrs. The focused strips were equilibrated for 30 minutes in equilibration solution (30% glycerol, 2% SDS, 2% DTT, 50 mM Tris-HCl pH 8.8 and 0.005% w/v bromophenol blue). Second dimension separation was performed on a 12% SDS-polyacrylamide gel using PROTEAN II XL Cell apparatus (Bio-Rad Laboratories). Electrophoresis was carried out at 300 V for 1 hr and then at 600 V until the dye front reached the end of the gel. Silver staining was performed using a commercial silver staining kit as per the manufacturer's instructions (SilvestQuest™ Silver staining kit, Invitrogen Corporation). The stained gels were scanned using Image scanner (Amersham pharmacia) and the protein spots were counted using Compugen Z3 desktop version 3.0 software. Manual verification of protein spots was performed after making a high quality print of the image and counting the spots after dividing the image into multiple sectors.
Digestion of proteins
Soluble proteins in sample buffer was diluted to a concentration of 2 mg/ml and mixed with an equal volume of 100 mM ammonium bicarbonate, pH 8.0. Proteins were reduced by 10mM DTT and alkylated with 50mM iodoacetamide before adding trypsin at a trypsin: protein ratio of 1:50 (w/w), and incubated at 37°C for 16 hrs. Second aliquot of trypsin was added and digestion continued for another 4 hrs, and the enzyme reaction was stopped by acidifying the solution with 0.5% TFA. The organic phase proteins were digested separately following the protocol described by Washburn et al. (2001) . Briefly, the dried sample pellet was acidified by formic acid and cleaved by cyanogen bromide. After adjusting the solution pH with solid ammonium bicarbonate and water, the sample was digested by trypsin as described above. Trypsin digested peptides were desalted by a peptide trap of 200 g capacity (Michrom Bioresources, Inc., Auburn, CA, USA). Peptide trap was conditioned with buffer B (70% ACN, 0.1% FA in HPLC water), and equilibrated with buffer A (0.1% FA, 3% ACN in HPLC water) prior to sample loading using a syringe pump. After washing with 1.2 ml of buffer A, peptides were eluted using buffer B. Eluted peptides were dried using speedvac and dissolved in buffer A for LC-MS/MS analysis.
Liquid chromatography and mass spectrometry
A Surveyor LC system (Thermo Fisher Scientific, San Jose, CA, USA) with an in-house built solvent splitter was coupled to a LCQ™ Deca XP plus mass spectrometer (Thermo Fisher Scientific) for LC-MS/ MS analysis. Digested peptide samples was separated online by an SCX column and then followed by a C-18 reversed phase (RP) capillary column. The RP column with nanospray emitter was packed with 5 m C18 particles under 400 psi of helium using a pressure bomb. For each experiment (estrogen treated and untreated), peptides purified from 200 g digested proteins were injected onto the SCX column using an auto sampler, and fractionated using 9 salt steps of increasing concentration of (0, 10, 20, 30, 50, 70, 90, 120, and 400 mM) NH 4 Cl solutions. Peptides from each salt elution were trapped in an online peptide trap and desalted by 3% ACN and 0.1% FA solution (solvent A). The online desalted peptides was eluted to and separated by the C18 analytical column using a 160 min. chromatographic gradient, and 200 nL/min flow rate. The gradient was ramped from 5% B (97% CAN in H 2 O, 0.1% FA) at 5 min. to 40% B in 130 min., then to 80% B in 145 min. After an additional 5 min. in 80% B for it is ramped back to 5% B. Eluted peptides were ionized by a nanospray emitter that is arranged in line with the inlet of the LCQ. The transfer capillary temperature and spray voltage of the emitter tip were set at 180ºC and 1.6 kV, respectively. Normalized collision energy was fixed at 35% for MS/MS. For the detection of peptides, one full (MS) scan (m/z range of 400-2000) was followed by fragmentation (MS 2 ) scan on five most abundant ions.
Informatics and data analysis
Raw data were obtained from mass spectrometer for aqueous and organic phase protein fractions using Xcalibur (Thermo Fisher Scientific) software. The Raw files were converted into mzXML files for SEQUEST (Eng et al., 1994) search against the IPI Human database version 3.16 (62322 entries). Search parameters used were: precursor mass tolerance of 3 Da, peak extraction with average mass, semi-tryptic search with two or fewer missed cleavages, and fixed carbamidomethylation of cysteine residues. Cleavage at methionine was added for the organic phase samples that have undergone cyanogen bromide treatment. Peptide and protein assignments were validated using PeptideProphet (Keller et al., 2002) and ProteinProphet (Nesvizhskii et al., 2003 ) tools which are available as a part of the Trans-Proteomic Pipeline (www.proteomecenter.org). List of protein identifications was filtered using a 0.9 probability threshold, which corresponds to less than 1% estimated false discovery rate (FDR). The data sets acquired on control_aqueous, control_organic, E2_ aqueous, and E2_organic were analyzed separately. Protein groups in each set with indistinguishable protein accession numbers were collapsed into a single group.
For comparative analysis, two data sets from control and E2 treatments were combined, and proteins belonging to common, control-specific, and E2 treatment-specific were obtained using inhouse software. This software analysis allowed removal of ambiguities arising from protein isoforms and multiple accessions. The resulting combined dataset was used for spectral count analysis (Vellaichamy et al., 2009 ). Total number of MS 2 spectra that were assigned to peptides was calculated and the dataset was further normalized to account for differences in the total number of peptides identified. Subsequently, ratio of normalized spectrum counts was calculated for proteins identified in both experiments, and then log-transformed. Resulting distribution was fitted using a robust Gaussian distribution fitting procedure with 10% outlier removal, and the mean and standard deviation (SD) were determined. Subsequently for proteins identified in common, two-SD threshold was applied to derive the list of differentially expressed proteins. In addition, proteins were designated as differentially expressed if they were identified only in either the control (down-regulated) or E2-treated sample (upregulated) with four or more spectra.
Gene ontology (GO) searches for cellular localization of the proteins using the gene identifiers were performed at the SOURCE web-site (http://smd.stanford.edu/cgi-bin/source/sourceSearch). Transmembrane domain analysis of the proteins was performed using the TMHMM server 2.0 (http://www.cbs.dtu.dk/services/TMHMM/).
Results and Discussion
Proteome isolation by chloroform treatment
Suspension of MCF-7 cells in the aqueous ammonium bicarbonate buffer containing chloroform resulted in the rupture of cell membrane which was observed by microscopic examination. Preliminary experiments were conducted by varying the amount of chloroform and the incubation time on constant number (~1x 10 8 ) of cells to optimize lysis conditions. A 10% chloroform mixture, and 8-10 minutes of incubation time resulted in complete cell lysis. Upon centrifugation, the lysate partitioned into a biphasic organic and aqueous layers with soluble proteins in the aqueous layer, and presumably the hydrophobic and membrane proteins in the chloroform layer. The disintegration of cell membrane is considered to be due to the dissolution of membrane lipids by chloroform during the mixing process as the chloroform is known to act on hydrophobic membrane lipids (Barnidge et al., 1999; Mirza et al., 2007 ). Herein we denote this isolation protocol as 'chloroform-assisted protein isolation (ChlAPI)' method.
To check the quality of sample preparation and efficiency of the isolation method, we used 100 g of the soluble proteins and performed 2DE. Silver staining of the 2DE gel for MCF-7 cell proteins obtained through ChlAPI method showed that proteins are distributed within a wide range of pI (pH 3-10) and molecular weights ( Figure  1A ). There were a total of 1362 protein spots that were sharp and distinct ( Figure 1A ). The appearance of these clearer 2DE gel spots with ChlAPI isolated proteins were probably due to the removal of lipids and hydrophobic impurities by chloroform (Mirza et al., 2007) .
To directly compare ChlAPI method with conventional detergentbased protein extractions, MCF-7 cells were ruptured by non-ionic detergents IGEPAL (NP-40) and Triton X100 followed by ultrasonication to enhance cell lysis. The 2DE image of the detergentextracted soluble proteins ( Figure 1B) showed more or less the same distribution of the proteins as those obtained by the ChlAPI method ( Figure 1A) , and the total number of spots counted was1333. We also tested French pressure cell press aided cell lysis to isolate proteins, and subsequently obtained similar results ( Figure 1C ; 1286 protein spots). This indicated that the ChlAPI method of protein isolation is comparable to the commonly used method of protein isolation, however avoids the use of detergents.
Previous publications on the 2DE gel analysis of breast cancer cells report similar number of proteins. For example, Canelle and colleagues documented 1249 proteins from 150 g of whole cell extracts of MCF cells using a 2DE lysis buffer containing urea, thiourea, CHAPS, and Triton X-100 (Canelle et al., 2006) . Similarly, using 2DE lysis buffer extracted 800 g of MCF cell proteins, Bianchi and others were able to identify an average of 1700 proteins from the silver stained 2DE gels (Bianchi et al., 2005) . Although, these studies have resolved proteins at a pI scale of 3-10, they have obtained the above number of protein spots using whole cell lysates prepared in 2DE buffer whereas comparable numbers of protein spots were observed here with only the aqueous fraction of ChlAPI method. This suggests that protein isolation using ChlAPI method could potentially leads to higher proteome coverage if both fractions were analyzed. ChlAPI method was also tested on intact tissue samples such as mouse liver tissue. The total number of protein spots obtained with 100 g protein extract was 1127. In addition, the spot distribution pattern on the 2DE gel including the many linearly arranged protein spot cluster across the pI dimension ( Figure 1D ) was observed to be similar to the previously published 2DE images of mouse liver proteome available at the Swiss-Prot 2D PAGE database (http://au.expasy.org/ ch2d/2DHunt) ; images can be retrieved through text search using 'liver_mouse'). Thus, it is evident that the ChlAPI method can also be extended to isolate proteins from mammalian tissue samples.
ChlAPI method is compatible with LC-MS/MS
After the 2DE based verification of the complexity of proteins isolated using ChlAPI method, we next asked whether we could apply this procedure for shotgun LC-MS/MS (MudPIT) based interrogation of the whole cell proteome of MCF-7 cells treated with and without estrogen (17-estradiol a.k.a E2). MCF-7 cells express high levels of ER  which is known to exert pleiotropic cellular responses upon binding to estrogens (Klinge, 2000; Moggs and Orphanides, 2001). As described in the methods section, aqueous and organic phase proteome fractions were isolated from control and E2-treated MCF7 cells using ChlAPI method. Proteins present in the aqueous phase are presumably hydrophilic which were subjected to trypsin digestion; whereas the organic fraction was speculated to contain a higher amount of hydrophobic and membrane proteins, and they were udergone pre-cleavage by cyanogen bromide. Accordingly, the automated MudPIT LC-MS/MS runs were conducted for four samples (control_aqueous, control_organic, E2_aqueous, E2_organic).
SEQUEST search analysis of all the spectra obtained from control_ aqueous sample identified a total of 752 unique protein groups from 
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the IPI human database with the minimum protein-p value of 0.9 which corresponds to a false discovery rate (FDR) of <1%. The protein groups consisted of IPI accessions that matched to the same set of peptides. Data analysis of the control_organic sample spectra resulted in the identification of 593 unique protein groups. Combining the results of control_aqueous and control_organic samples showed the presence of a total of 1134 non-redundant proteins (Table 1) . Similarly, SEQUEST searches of the E2_treated samples identified a total of 1145 proteins with FDR of <1% (Table 1) .
Comparative analysis of data obtained from control and E2-treated samples, and subsequent spectral count analysis revealed proteins dysregulated by estrogen in MCF7 cells. An in-house software was used for combining database search results from control and E2-treated data and lead to global identification of proteins that are common (887 proteins), unique to control (255 proteins), and unique to E2-treatment (266 proteins) (Figure 2A ). After the conversion of IPI accessions to entrez gene accessions, final list of non-redundant accessions obtained for common, specific to control, and specific to E2-treated were 879, 255, and 266, respectively. Additionally, MS 2 spectra based normalization and statistical analysis was performed (see Material and Methods section) for assessing differential protein expression. Distribution of protein expression (log) ratios obtained for proteins identified in both control and E2-treated sample is given in Figure 2B . Proteins that pass the threshold cut-off, and considered up and down-regulated by estrogen are colored in red and green, respectively ( Figure 2B ). Based on the normalization and statistical analysis, proteins identified only in control and only in E2-treated samples were also further trimmed (see Material and Methods section). Consequently, totals of 90 and 74 proteins were considered up-and down-regulated respectively, by estrogen in MCF7 cells ( Figure 2C ). These estrogen-responsive gene products are further discussed in later sections. One of the unique properties of higher organisms is the complexity of cellular organization with compartmentalization. Any phenotypic changes such as the development of cancer in those cells are the result of coordinated and dynamic changes of proteins at these sub-cellular compartments. Therefore, it is important that the protein isolation methodology is able to extract proteins from different sub-cellular compartments so as to help interrogate the changes or perturbations. In addition, a good protein isolation method should be unbiased towards any cellular compartment. Accordingly, ChlAPI method isolated MCF-7 proteins were analyzed for their cellular localizations. As they were identified from two independent ChlAPI experiments, the 879 entrez identifiers that were common to control and E2-treated samples were interrogated to access the reproducibility. Report on cellular location was found for 480 proteins. Search outputs mapped these proteins to more than 50 different types of cellular compartment annotations, and they were further collapsed manually into 26 categories ( Figure 3A) . As shown in the pie chart, proteins from almost all of the cellular compartments have been isolated with a typical proportion of proteins in the major compartments. Percentage of identified proteins exclusive to the major compartments such as cytoplasm, nucleus, and mitochondria were, 24, 20, and 17.5, respectively, and a total of about 14% annotated to be localized both in nucleus and cytoplasm ( Figure 3A) . This showed that the ChlAPI method is efficient to obtain proteins from majority of the cellular compartments.
As reported by several workers, mass spectrometry analysis of membrane proteins has been difficult due to the intrinsic nature of the hydrophobicity and difficulty in isolating them with common buffers. Various attempts were made to improve the identification of these biologically important class of proteins (Barnidge et , 2000) . Interestingly, total number of membrane proteins detected in this study from two independent ChlAPI experiments, as shown for two sets of samples (control total, and E2-treated total), was close to 30% (Table 1) which matches perfectly to the expected coverage of membrane proteome (Stevens and Arkin, 2000) . Moreover, as expected the organic phase samples (either control or treated samples) contained 40% membranes proteins (Table 1) whereas the aqueous phase samples had only 12-15%. An average, 78% of total membrane proteins were identified from organic phase. The efficiency of ChlAPI method to extract higher number of membrane proteins into the organic phase is further supported by the prediction of number of transmembrane domains on the identified proteins ( Figure 3B ). While there were only few aqueous phase proteins that contained one or two transmembrane domains, large number of organic phase proteins contained three or more transmembrane domains ( Figure 3B ). It is also noticeable that the organic phase samples still had a major proportion of proteins from other non-membrane locations of the cell (Table 1) . This observation apparently indicated that while the ChlAPI method could be used to selectively enrich either membrane or non-membrane proteins, combining the mass spectrometry data from aqueous and organic phases help to increase the total proteome coverage.
Analysis of estrogen-responsive gene products
Estrogens and their receptors are known to play key roles in the genesis, progression, and treatment of breast cancers. MCF-7 cells have been used extensively as an in vitro model for studying the effects of estrogen exposure, estrogen receptor activation and inhibition on hormone-dependent breast tumor cell proliferation (Keen and Davidson, 2003; Sandhu et al., 2005) . To determine whether the proteins identified in MCF-7 proteome are involved in estrogen response, 'SEQUEST' search results were normalized and spectral count-based differential protein expression analysis was performed with high confidence as described before. This resulted in the identification of 90 and 74 proteins as estrogen up-regulated and down-regulated, respectively (Figure 2 ; Tables 2 and 3 For example, dCTP pyrophosphatase 1 (XTP3TPA/ DCTPP1) which was identified as an estrogen up-regulated protein with highest protein expression ratio in this study (Table 2A) was reported as estrogen up-regulated by Lee et al. (2006) . Transcripts of XTP3TPA were found to be affected by E2 metabolites (Kim et al., 2005) . Similarly, histone H1 and HSP90  identified in our study as dysregulated by estrogen were also reported to be up-regulated by other workers (Table 2A) . Interestingly, expression of prohibitin 2 (PHB) appear to be downregulated following E2 treatment in our study (Table 3A) although it was reported earlier to be up-regulated by E2 (Zhu et al., 2008 Recently, the PHB which is also an estrogen receptor co-regulator was shown to play a repressive role in estrogen signaling in MCF-7 cells (He et al., 2008) , supporting our observation. In addition to the above examples, many proteins that were previously reported to be directly linked to estrogen and estrogen receptor such as TPD52, SHC, ILK, TOP2A, FEN1, CSTB, and GRB2 are indicated in Tables 2 and  3 For integrative analysis of transcriptomic and proteomic data, we compared the list of all identified proteins with results from a gene expression profiling study performed using high density DNA microarrays to detect hormone-responsive changes in transcript levels (Finlin et al., 2001 694 estrogen-responsive genes identified in the microarray study (including the previously reported genes) (Lin et al., 2004) . The estrogen responsive proteins that pass the stringent threshold set in our analysis are indicated in Supplementary file 1. Transcript levels of seven (XTP3TPA, SEC24D, BAG1, FEN1, TOP2A, PHB2, and ATP6V1A) of the 11 E2-regulated proteins showed concordant trend in expression, where as four of them (SET, ARHGAP1, MCM3, and MCM6) showed the opposite. The discordance between protein expression and their transcript levels points to a possible involvement of E2-dependent post-transcriptional control mechanism for such proteins in MCF-7 cells. The proportion of estrogen responsive proteins in the MCF-7 proteome (6%; 84/1400) is comparable to that of the responsive genes (4%; 694/17735) detected in the transcriptome by microarray analysis (Lin et al., 2004) .
It is noteworthy that several proteins that are previously unknown to be regulated by estrogen are designated as estrogen-regulated (Tables 2 and 3 ) in our analysis, and are interesting candidates for future study. For example, histidine triad nucleotide-binding protein 1 (HINT1) is found as down-regulated by estradiol (Table 3A) . Very recently, the tumor suppressor HINT1 is reported to inhibit the phosphorylation of p27 by Src (Cen et al., 2009) , an event leading to increased cell proliferation (Chu et al., 2007) . The inhibition of p27 phosphorylation involved down-regulation of Src (Cen et al., 2009 ). Interestingly, it was previously known that estradiol bound ER activates Src, culminating in cell proliferation (Migliaccio et al., 1996) . Thus, it is conceivable that estradiol regulate HINT1 negatively, leading to the up-regulation of Src which in turn is responsible for increased cell proliferation. Identification of HINT1 as estrogen down-regulated in our proteomics analysis supports this hypothesis. Overall, the above results indicate that the ChlAPI method described in this report and 
